INTRODUCTION
requirements must be met for them to be integrated into a wastewater treatment flowsheet. 48 Firstly, the algae must be separated from the water phase prior to discharge and secondly the 49 algae must be used/disposed of. In the wastewater context, anaerobic digestion of the 50 collected biomass appears the most sensible option as the quantities are generally quite small 51 and the AD assets already exist. In such cases an interesting opportunity presents itself 52 whereby the energy required to operate the algae reactors may be offset by the additional 53 energy produced through digestion of the used algal biomass. Examination of the 54 requirements for integration of algae reactors into a standard wastewater flowsheet reveals 55 two key components: (i) the need for a low energy cell recovery system to reduce energy 56 requirement for biomass harvesting and (ii) the need to maximum biogas production from 57 algae through pre-treatment of the algal cells. which can reduce operation costs when combine with traditional harvesting system [11, 12] . 63 The main alternative to those is the use of dissolved air flotation (DAF). The system 64 generates micro bubbles of air which attach to algae cells and allow them to float [13] . 65 Generation of the bubble is through released of a supersaturated water solution akin to beer 66 production and has an energy associated with it of around 0.3 kWh m -3 [14] . Recent 67 innovations in the technology have replaced the produced air with glass beads in a process 68 called ballasted dissolved air flotation (BDAF) were the beads can be recycled enabling 69 reduction in energy of 60-80% compared to traditional DAF systems [14] . Anaerobic 70 digestion of algae in traditional mesophilic digesters yields between 30 and 50% of the 71 potential theoretical values [15, 16, 17] . Higher efficiencies has been reported for thermophilic 72 conditions or when co-digesting algae with other biomass [18, 19] . In all cases, the hardness 73 of the cell wall seems to represent the main inhibitor factor [17, 20] . The cell wall of green 74 algae is mainly composed of sugars (24-74%), such as glucose, mannose and galactose, 75 forming cellulose and hemicellulose with biopolymers (e.g. sporopollenin, algaenan) which 76 are responsible of the thickness and the resistance of the cells to bacteria degradation [21, 22] .
77
In order to overcome this limitation, a range of pre-treatment methods such as ultrasound, 78 high temperature, French press and enzymes have been used to improve algae digestion and 79 biomethane yields [21, 23, 24] . In relation to wastewater treatment, one of the most commonly 80 used pre-treatment processes is the thermal hydrolysis [25, 26] . The process works by 81 applying a combination of temperature (150-170°C) and pressure (6-8 bar), which breaks 82 down the physical structure of all the organic material including algae.
83
Linking together the innovative approaches outlined here potentially improves the 84 opportunity to be more sustainable and energetically balanced in relation to nutrient removal.
85
The current paper considers this by evaluating the impact of inclusion of these technologies 86 in a wastewater flowsheet containing an algal reactor for nutrient polishing (Figure 1 ). In were combined in different scenarios to estimate the energy demand and the energy 91 efficiency at two different scales of operation: 25,000 and 230,000 p.e., respectively. BioMethane Test (BMT) 121 The biomethane production was determined using a modified method of Angelidaki et al. Harvesting energy demand values used were equivalent to 0.3 kW m -3 and 0.04 kW m -3 for 151 DAF and BDAF system, respectively [14] . The energy generated by the wastewater sludge 152 digestion was back calculated from the assumed energy efficiency (Table 1) (Table 3 ). An additional benefit of using the BDAF configuration was observed 168 in association to chemical usage with a 40% reduction in metal coagulant use at the operating 169 pH of 7 with S. obliquus and 50% lower with Chlorella sp ( whit Chlorella sp. (Figure 3b ), while increased from 46 to 73% whit S. obliquus (Figure 2b) . for the small and the large scale respectively (Table 3 ). The remaining difference 251 demonstrates the importance of sludge imports on the overall energy balance on operating 252 10 sites. Generating additional solids for anaerobic digestion through the algal reactors, a 253 possible alternative to sludge imports, (scenario 2) resulted in an increase of the overall net 254 energy demand of the works by 61 and 95% for the small and large cases for both algal types.
255
The increase was a result of the energy required to operate the pond and DAF units not being 256 offset by the increased energy production. Adoption of the innovative BDAF process 257 (scenario 3) reduced this impact with an increase in net energy demand of only 9 and 14.5%.
258
These levels are similar to those of other tertiary nutrient removal processes which suggest 259 algal reactors may be suitable for use on an energy basis even with low biogas yields. For Overall, the results demonstrate that when appropriate choices are made around the ancillary 294 equipment then the use of algae for nutrient removal can represent a viable source of energy 295 production and hence provide an energy neutral nutrient removal strategy. Critical to this is 296 the use of pre-treatment to ensure the inclusion of algae in the anaerobic digestion generates 297 sufficient biogas to justify its inclusion. In such case algae could be viewed as an appropriate 298 alternative to co-digestion of imported non-sewage sludge wastes. The importance of this is 299 that it avoids logistic and regulatory barriers and it enhances biogas production in digesters 300 meant for sewage sludge processing. However, pre-treatment alone is insufficient as the 301 energy demand of traditional technologies for algal separation is likely to be too high to 302 justify the approach. In such case the significance of BDAF system becomes more important 
311
The impact of which algae are used within the nutrient removal process was demonstrated in 312 this study by looking at two similar single cell green algae both of which are commonly used 313 in algal biomass production. In the current case an 8-9% difference was seen on the overall 314 balance as a function of species with Chlorella sp. generating less energy than S. obliquus. 315 The difference is thought to occur due to the combination of the strong species-specific wall 
